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LASER SHOCK PEENING SYSTEM WITH
TIME-OF-FLIGHT MONITORING

BACKGROUND OF THE INVENTION

The present invention relates generally to laser shock peen-
ing and, more particularly, relates to a system and method for
monitoring the shock peening process through monitoring of
a time-of-flight of the shock wave.

Laser shock peening or laser shock processing (LLSP), 1s a
process whereby a shockwave 1s impinged upon a surface of
a part and produces a region of compressive residual stress 1n
an outer layer of the part. It 1s well understood that the com-
pressive residual stress 1n the outer layer of the processed part
increases the service life of a processed part with respect to
cyclic fatigue failure. Understandably, the ability of the part
to withstand fatigue failure 1s dependent, 1n part, on the qual-
ity of the coupling of the shockwave with the part. That 1s, 1f
the shockwave 1s not appropriately coupled at the surface of
the part, the quality of the peen of the resultant peening
process 1s detrimentally affected.

During the laser shock peening process, a laser generator
creates a laser beam that 1s directed toward the part to be
processed. Preferably, to improve the coupling of the energy
of the laser beam with the part being processed, an absorption
layer and a containment layer are positioned between the part
and the laser generator. Generally, the absorption layer and
the containment layer are positioned adjacent the part. The
laser beam 1s allowed to pass through the containment layer,
usually water, and impinge upon the absorption layer. The
absorption layer 1s generally formed of a thin coating of tape,
paint, 1k, or fo1l and 1s commonly applied directly to the part
being processed or maintained 1 very close proximity
thereto. The containment layer 1s generally located adjacent
the absorption layer between the absorption layer and the
laser generator. The interaction of the laser beam with the
absorption layer produces ablation of the absorption layer,
which ultimately generates a shockwave that expands from
the absorption layer/confinement layer interface. The con-
tainment layer ensures that a substantial portion of the 1nitial
shockwave 1s directed toward the part being processed and
thereby enhances the coupling of the shockwave generated by
the energy of the laser with the part.

Current practice of laser shock peening requires extensive
destructive testing to ensure that parts being processed
achieve a desired processing effect. That 1s, when several
parts are to be processed, a select few of the total number of
processed parts will be tested to failure to ensure the quality of
the remainder of the parts. This type of destructive testing 1s
often time consuming and expensive to implement and
execute. Additionally, such testing provides no indication of a
real-time, individual peen quality of the part being processed.
The failure tested parts are fully processed prior to any test-
ing. The processing of subsequent parts must then be sus-
pended to allow time to failure test the part or continue with
the potential of producing parts which do not satisty quality
criteria. Suspending the processing procedure and/or produc-
ing subsequent parts which do not satisty quality criteria
detrimentally affects overall process efliciency.

Other systems and processes attempt to improve the pro-
cess elliciency through real-time sample part processing.
That 1s, these systems process a much smaller part or coupon
and determine the quality of the coupling through testing of
the coupon. While these approaches improve the real-time
aspect of quality control, they must also associate the quality
of the test coupon coupling with coupling of an actual part
being processed. Such testing can result 1n misleading data
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2

characterizations and associations when the data acquired 1s
not associated with an actual part being processed. Still other
systems non-destructively test the quality of the coupling
through measurements of characteristics of a processed part
such as surface hardness values and peen depth and shape
data. Such approaches are incapable of accounting for real-
time variations in the coupling quality and analyze only a very
few of the many peen sites. Yet other systems monitor param-
cters and data acquired during processing of a part, destruc-
tively test a select group of parts, and compare the extensive
data acquired during processing with the data of the destruc-
tively tested parts. Although this approach allows for a quality
comparison of each part of a group of processed parts, the
process still requires the destructive testing of a select group
of parts to acquire the control quality data.

Therefore, 1t would be desirable to design a laser shock
peening system and method capable of real-time non-destruc-
tive quality monitoring of the peening process.

BRIEF DESCRIPTION OF THE INVENTION

The present invention provides a system and method
capable of real-time monitoring of the laser shock peening
process that solves the aforementioned problems. The system
includes a laser generator configured to direct a laser beam
toward a part to be processed. A controller 1s connected to a
laser generator and controls the operation thereof. A sensor 1s
connected to the controller and 1s configured to detect gen-
eration of the laser shock event proximate a workpiece. The
controller determines the tlight time from the workpiece to
the sensor of the residual energy attributable to the laser shock
event and determines a peen quality from the time-of-flight of
residual energy.

Therefore, 1n accordance with one aspect of the present
invention, a controller includes an imnput and a processor. The
input 1s configured to receive a signal from a transducer that
1s 1ndicative of a laser shock event at a workpiece. The pro-
cessor 1s connected to the input and 1s configured to determine
a travel time of energy associated with the laser shock event
from the workpiece to the transducer and output a determi-
nation of peen quality from the travel time.

According to another aspect of the present invention, a
laser shock peening system includes a laser source, a sensor,
and a controller. The laser source 1s constructed to emit a laser
beam at a workpiece and the sensor i1s directed toward the
workpiece to detect generation of a shock event thereat. The
controller 1s connected to the laser source and the sensor, and
1s configured to recerve a first signal from the laser source and
a second signal from the sensor, determine a time-of-tlight
value from the first signal and the second signal, and deter-
mine a quality of a peen from the time-oi-tlight value.

In accordance with a further aspect of the present inven-
tion, a method of monitoring a laser shock peening process 1s
disclosed that includes detecting emission of a laser beam
from a laser source towards a workpiece for initiation of a
peen event, detecting a residual energy associated with gen-
eration of a shockwave generated by impingement of the laser
beam on an absorption layer, and determining a time duration
between generation of the residual energy and detection of the
residual energy. Peen quality 1s then dertved from the deter-
mined time duration.

Various other features, objects and advantages of the
present invention will be made apparent from the following

detailed description and the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings illustrate one preferred embodiment pres-
ently contemplated for carrying out the invention.
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In the drawings:
FIG. 1 1s a laser peening system according to the present

invention.

FI1G. 2 shows a control process of the laser peening system
of FIG. 1.

FI1G. 3 1s a graphical comparison of several residual energy
amplitudes and time-of-tlights for a variety of laser beams
having different energy levels.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

FIG. 1 shows a laser shock peening system 10 according to
the present invention. System 10 includes a laser source 12
and a sensor 14, such as an airborne acoustic signal sensor,
connected to a controller 16. Laser source 12 1s preferably a
high peak power Q-switched laser source; however, other
laser sources may be utilized with the content of the present
invention. A signal conditioner 18 1s disposed between sensor
14 and controller 16 and is configured to receive an input
signal from sensor 14 and deliver a modified output signal,
preferably an amplified output signal, to controller 16.

Laser source 12 and sensor 14 are directed toward a work-
piece 20, such as a fan, compressor, or turbine part or any part
intended to be laser shock processed. A containment layer 22
and an absorption layer 24 are maintained in relatively close
proximity to workpiece 20. Containment layer 22 1s prefer-
ably a stream of water, indicated by arrow 23, which 1is
directed at workpiece 20 by a nozzle 26 such that a relatively
thin layer of water 1s maintained between laser source 12 and
absorption layer 24. Absorption layer 24, preferably a thin
paint, tape, 1k, or foil coating, 1s maintained between con-
tainment layer 22 and workpiece 20.

During operation of system 10, laser source 12 emits a laser
beam, indicated by arrow 28, directed at workpiece 20. Pret-
erably, laser beam 28 has an energy signal of 1-50 Joules at a
pulse duration of approximately 20 nanoseconds. Under-
standably, other laser beam energy signals are envisioned and
applicable with the present invention as may be required to
achieve a desired peen from the laser shock process. Laser
source 12 1s attached to a laser fixture 30 and workpiece 20 1s
attached to a workpiece fixture 32. Manipulation of fixtures
30, 32, generally by robotic control, allows precise movement
of laser source 12 and workpiece 20 such that laser beam 28
1s precisely impinged upon absorption layer 24.

When a peen 1s desired, laser beam 28 passes through
containment layer 22 and 1s impinged on absorption layer 24.
Impingement of laser beam 28 on absorption layer 24 gener-
ates a shock wave (not shown) which propagates substantially
radially outward from the site of impingement of laser beam
28 on absorption layer 24. Containment layer 22 redirects a
portion of the shock wave mitially directed away from work-
piece 20 back toward workpiece 20. Such containment
improves the coupling of the energy of laser beam 28 with
workpiece 20. Efficient coupling of the energy of laser beam
28 with workpiece 20 ensures that a majority of the energy of
laser beam 28 1s utilized for the peen processing of workpiece
20.

Once the site associated with the impingement of laser
beam 28 has been peen processed, a portion of residual
energy, indicated by arrow 34, radiates away from workpiece
20. Sensor 14 1s positioned relative to workpiece 20 to detect
residual energy 34. Understandably, sensor 14 could be con-
figured to detect any of a variety of types of residual energy
including sound/shock waves and/or light signals. Preferably,
sensor 14 1s configured to monitor the airborne acoustic sig-
nal associated with residual energy 34. Sensor 14 communi-
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4

cates electrical signals representing the detection of residual
energy 34 to a first input, indicated by arrow 36, of controller
16 through signal conditioner 18.

Controller 16 includes a processor 38 which recerves first
iput 36 from sensor 14 and a second input, indicated by
arrow 40, from laser source 12. As shown 1n FIG. 2, upon
initialization 41 of system 10, the workpiece and laser source
are aligned 42 such that the laser beam generated by the laser
source impinges the workpiece at a desired peen site. A laser
pulse 1s generated 44 which impinges on the workpiece and
produces a shock wave and the residual energy associated
therewith. The processor acquires shock event data 46 related
to the particular peen and then determines a time-of-tlight
(T.O.F.) required for the residual energy to travel from the
workpiece to the sensor. A given time-of-tflight value 1s cal-
culated from the values of the distance of the laser source
from the workpiece, the distance of the sensor from the work-
piece, and the energy of the laser beam generated by the laser
source as derived from the first and second signals.

A brief description of the theory behind the present inven-
tion will now be described. The velocity of the shockwave
associated with the residual energy 1s much higher than the
ambient sound wave velocity of air relatively close to the
point of laser incidence with the workpiece. Furthermore, the
higher the initial energy level of the laser source, the greater
the difference between the mitial shock wave velocity attrib-
utable to the peen event and the ambient sound wave velocity
for air. Accordingly, the travel time of the shockwave attrib-
utable to the peen event, from the workpiece to the sensor at
a known location, will decrease as energy imparted to the
peening process increases. The energy imparted to the peen-
ing process, or utilized to generate the plasma necessary for
generation of the peen producing shock wave, provides an
indication of the how well the laser shock process 1s perform-
ing. Determining the time-of-flight of the residual energy
shockwave provides a real-time 1ndication of the laser shock
process and the quality of a peen resulting thereifrom. As will
be further discussed with respect to FI1G. 3, the time-of-tlight
of the residual energy wave provides an indication of the
quality of the coupling of the laser energy with the part and
can be used to determine the quality of individual peens
during real-time processing of a part.

Referring back to FIG. 2, the determined time-of-flight 48
1s compared to a desired time-oi-flight data specific to a given
system at 50 to determine 11 the time-of thght 1s acceptable.
That 1s, acceptable time-of-flight values will be determined
based on the physical configuration of the peening system
including the power provided by the laser source, distances
between the laser source and the workpiece, and the distance
between the workpiece the sensor. For a given system then,
the comparison made at 49 1s to a fixed value or minimally to
a range ol time-of-thght values.

If an unacceptable time-of-tlight 52 1s determined, an
optional counter 54 1s imtiated to count the number of occur-
rences of unacceptable time-of-flight data. In addition to
counting the number of occurrences of unacceptable time-oi-
flight events, an optional alert 56 can be provided to allow an
opportunity to address correctable causes of the unacceptable
time-oi-thight events. If the part has exceeded a maximum
number of unacceptable time-of-flight events 58, 60, which
indicates that the part has exceeded a tolerable standard for
unacceptable peen events, the part 1s rejected 62. After rejec-
tion of a part, an operator 1s allowed to verify that the cause of
the rejection 1s extraneous to the peening process, such as a
part defect, or correct the hardware configuration/operation,
such as the fixturing of the parts/components, to prevent
subsequent unsuccessiul processing 64. Once the part has




US 7,906,746 B2

S

been rejected 62 1t 1s also categorized as complete 66 thereby
preventing further processing of an already unacceptable
part.
If an unacceptable time-of-flight 52 1s derived, and the
counter has not exceeded a maximum count 58, 68, a system
adjustment 70 1s provided to attempt to avoid repetition of an
unacceptable time-of-flight event. System adjustment can
include, for example, adjustment of the laser emission energy,
alignment of the part with the laser source, and/or contain-
ment layer direction and thickness. Regardless of the laser
energy parameter or the peen event parameter that 1s adjusted,
the automatic adjustment of the parameter allows the peening,
process to continue upon automatic correction of the possible
cause of the unacceptable peen event.

Upon clearing the system adjustment 70, the part and laser
source are realigned 42 for processing of a subsequent peen
site. If the derived time-oi-tlight 1s acceptable 50, 72, a part
completion 74 1s checked to verily that a part has been sub-
jected to a desired number of peen events. If the part has been
subjected to a desired number of peen events 74, 66, and count
58 has not been exceeded 68, the quality of the part 1s accept-
able and the processing of the part 1s complete 76. If the part
has not been subjected to a desired number of peen events 74,
78, the part and the laser source are realigned for subsequent
peen events until processing of the part 1s complete 66. Such
a system provides a repeatable, on-the-go, real-time monitor-
ing, adjusting, and processing of a laser peening process and
the part associated therewith, respectively. Additionally, by
monitoring the time-oi-tlight of the residual energy of the
laser shock event, the sensor and controls thereof can be
located somewhat remote from the site of the laser shock
event. Sensor 14 1s positioned approximately 50 mm from the
laser shock site and 1s preferably positioned at least 30 mm
from the laser shock site. Such an orientation reduces the
stresses that the sensor 1s subjected to due to the proximity of
the sensor to the laser shock event. Additionally, as the time-
of-flight value can be determined essentially independent of
set-oil distances of the sensor relative to the workpiece and
the orientation of the sensor relative to the laser shock site,
determining peen quality as a function of time-oi-tlight of the
residual energy can be quickly and efliciently adapted to a
specific production environment.

As shown in FIG. 3, as the energy level of the laser beam 1s
adjusted, the time-of-tlight value of the residual energy
shockwave can be compared to statistical values associated
with desired coupling of the energy of the laser generated
shock wave with a workpiece. Such an association provides
an 1ndication that an acceptable peen has been produced as
determined by the time-oi-tlight value of the residual energy
signal. Plot A 1 FIG. 3 1s indicative of a 1.27 Joule per pulse
laser beam 1mpinged on a workpiece. After impingement of
the laser beam on a workpiece, a time-of-flight of approxi-
mately 658.5 microseconds 1s determined with a signature
amplitude of approximately -112 millivolts. When the
energy level of the laser source 1s increased to 2.03 Joules per
pulse as shown 1n plot B, a faster and higher amplitude signal
are percerved from the laser shock event. That 1s, a time-oi-
flight of the laser shock event of approximately 641 micro-
seconds 1s associated with an amplitude of approximately
—180 mullivolts. As shown 1n plot C, as the energy of the laser
beam 1s 1ncreased to 3.51 Joules per pulse, a time-of-tlight
value o1 623.1 microseconds 1s recognized with an amplitude
of =280 millivolts. Understandably, these energy levels are
merely exemplary and other energy levels of the laser source
may be utilized to generate a peen event.
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As previously discussed with respect to FIG. 2, as the
quality of the coupling of the energy of the laser beam with the
part increases, the time required for the residual energy or
shockwave to travel from the shock location to sensor 14
decreases. That 1s, more of the energy of the laser pulse has
been coupled into the shockwave to be utilized to produce a
peen 1n the part. There are several events that can reduce the
coupling efliciency of the laser pulse energy into the shock-
wave without changing the pulse energy. These events can
include, for example, damaged beam delivery optics, obstruc-
tion of a beam delivery path, and/or interruption/disruption of
the containment layer. Referring back to FIG. 3, a particular
peen pulse with a sensed amplitude that 1s shifted to the right
as compared to the comparable powered laser pulse repre-
sented by plots A-C, indicates that 1t took more time than
preferred for the residual energy of that particular pulse to
reach the sensor. That i1s, the residual energy was traveling
slower than a desired time-oif-tflight and indicates that an
insuificient coupling has occurred and therefore, an unsatis-
factory peen has been produced. Understandably, there will
be a time-of-tlight tolerance range associated with a respec-
tive part being processed at a respective laser power level
wherein any time-of-flight values within this control range
indicate production of acceptable peens. Likewise, for a part
that includes many peens, there may be a control limit to
define a tolerable number of unsatisfactory peen events. Such
a control limit would allow processing of the part until the
number of unacceptable peens 1s produced and at which time
the part can be rejected. Such a system allows for repetitive
processing of a plurality of parts, on-the-fly control and
adjustment of the peening system, real-time individual peen
quality monitoring, and non-destructive quality control of the
parts being processed.

Therefore, 1n accordance with one embodiment of the
present invention, a controller includes an input and a proces-
sor. The input 1s configured to recerve a signal from a trans-
ducer that 1s indicative of a laser shock event at a workpiece.
The processor 1s connected to the iput and 1s configured to
determine a travel time from the workpiece to the transducer
of energy associated with the laser shock event and output a
determination of peen quality from the travel time.

Another embodiment of the present invention includes a
laser shock peening system having a laser source, a sensor,
and a controller. The laser source 1s constructed to emit a laser
beam at a workpiece and the sensor 1s directed toward the
workpiece to detect generation of a shock event thereat. The
controller 1s connected to the laser source and the sensor and
1s configured to recerve a first signal from the laser source and
a second signal from the sensor. The controller 1s further
configured to determine a time-of-tlight value from the first
signal and the second signal, and determine a quality of a peen
from the time-of-flight value.

A fTurther embodiment of the present invention includes a
method of monitoring a laser shock peening process which
detects emission of a laser beam from a laser source towards
a workpiece for 1nitiation of a peen event, detects a residual
energy associated with generation of a shockwave generated
by impingement of the laser beam on an absorption layer,
determines a time duration between generation of the residual
energy and detection of the residual energy, and derives peen
quality from the determined time duration.

The present invention has been described 1n terms of the
preferred embodiment, and it 1s recognized that equivalents,
alternatives, and modifications, aside from those expressly
stated, are possible and within the scope of the appending
claims.
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What 1s claimed 1s:

1. A controller comprising:

a first input configured to recerve a signal transmitted from

a transducer indicative of at least one of spectral data and

amplitude data of energy associated with a laser shock

event at a workpiece 1n response to a laser beam gener-
ated via a laser source;

a second mput configured to receive a signal from the laser

source; and

a processor connected to the first and second inputs and

configured to determine a travel time of energy associ-
ated with the laser shock event from the workpiece to the
transducer, the travel time based on the energy of the
laser beam generated via the laser source as dertved from
the first and second 1nput signals, and output a determi-
nation of peen quality based on the travel time in
response thereto.

2. The controller of claim 1 wherein the laser source 1s a
Q-switched laser.

3. The controller of claim 1 further configured to control a
distribution of a containment material.

4. The controller of claim 3 wherein the distribution of the
containment material 1s further defined as an amount and a
direction of a water tlow.

5. A laser shock peening system comprising:

a laser source constructed to emit a laser beam at a work-

piece;

a sensor directed toward the workpiece to detect a shock

event; and

a controller connected to the laser source and the sensor,

the controller configured to:

(A) recerve a first signal from the laser source and a
second signal from the sensor;

(B) determine a travel time of energy of the laser beam
generated via the laser source, the travel time based on
the energy of the laser beam generated via the laser
source as dertved from the first and second 1nput sig-
nals; and

(C) determine a quality of a peen from the travel time of
energy value.

6. The laser shock peening system of claim 5 further com-
prising an amplifier disposed between the sensor and the
controller and configured to condition the signal recerved
from the sensor.

7. The laser shock peening system of claim 5 turther com-
prising a filter disposed between the sensor and the controller

and configured to condition the signal recerved from the sen-
SOF.

8. The laser shock peening system of claim 5 wherein the
quality of a peen 1s determined during real-time operation of
the system.
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9. The laser shock peening system of claim S further com-
prising an electronic database configured to associate a qual-
ity of a peen with an average peen of a number of peens and
a part of a number of parts.

10. The laser shock peening system of claim 5 wherein the
controller 1s constructed to generate an alert when a deter-
mined quality of a peen 1s beyond a threshold.

11. The laser shock peening system of claim 10 wherein the
controller 1s configured to suspend operation of the laser
source for a subsequent emission of a laser beam when an
alert has been generated.

12. The laser shock peening system of claim 5 wherein the
controller 1s configured to control operation of a positioning
system, the positioning system constructed to orient the laser
source and the workpiece such that the laser beam impinges
the workpiece at a desired location and a desired inclination.

13. The laser shock peening system of claim 5 wherein the
sensor 1s positioned at least 30 mm from the workpiece.

14. A method of monitoring a laser shock peening process
comprising the steps of:

(A) detecting emission of a laser beam from a laser source

towards a workpiece for initiation of a peen event;

(B) detecting a residual energy associated with generation
of a shockwave generated by impingement of the laser
beam on an absorption layer;

(C) determining a time duration between generation of the
residual energy and detection of the residual energy, the
time duration based on the energy of the laser beam as
derived from the detected emission and the detected
residual energy; and

(D) dertving peen quality from the determined time dura-
tion.

15. The method of claim 14 further comprising the step of
repeating steps (A) through (D) for each of a plurality of peen
events.

16. The method of claim 135 further comprising the step of
determining a part quality from the plurality of derived peen
qualities.

17. The method of claim 14 further comprising the step of
providing an alert when a derived peen quality 1s unaccept-
able.

18. The method of claim 17 further comprising the step of
suspending laser beam emission for a subsequent peen event
upon determination of an unacceptable peen quality for a
previous peen event.

19. The method of claim 14 further comprising the step of
automatically adjusting at least one of a laser beam emission
parameter and a peen event parameter for a subsequent peen
event 1f a preceding peen event 1s deemed unacceptable.

20. The method of claim 19 wherein the step of automati-
cally adjusting the parameter achieves an acceptable deter-
mined time duration for the subsequent peen event.
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